
UNCLASSIFIED

412378AD.,

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, epeci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formilated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



14~ Fobruary 1956 DRL-370, C2Y -2480

Problem UTX -1.-A

3ffS101 1pVD rE 'O1~iAWqCE OF t. VPI rLABT,,E

~~ AXISYW021ThIC Wimf) TEJIM.I,

CD by

Jai..uw Burley Yyuer

X: C/-)

Qualif lad raiquomtra waZ2
lobt.~if copios3 of' thlj ,-
Z'opor~tCrow&S .AM."

DDC

d.Ltifg .romrovn ¶nrch do~ne B~.r]ur(..-,. of OrdnanceIvjaciLnd Dov.,.opnunt Contmcwt !#Ord IjI/q8, Tack UTX.2.



T1 UrIA OF COIJTE1CT2

Summwary3

1,urnonc lcturo 5
Ifntrod~ucti1on 7
Gvcralc~ flwcr;(n Conaiderationa 9
rDutcrw:1atlon of Sucond Throat Area 12
Apparutua 20
Mothod 22

Diacuesion of' rco~ultu 2
A. Static Preao~ure Te:,i 12

1. Ge~neral3 Erro~j ,
21. Irorioure lBhtio, Fuouircd to Start 25

3. rlcarouru P"U icquircC! to 0?Iieratc 25
L~Effect ol' fe :'atio on Stuttv Vrcrjvire 2

in D001(.1 Operai~bna V'ixlticn 2

B. Tcuctu to Deborminu, LvnE~th of R~um 0

1. GcneraJ. Lrror ý

2 , Effecot of Cuntwrboily Location on Running

iffenrt, of Teat Section Obstructions on
iiunning~ T:Uic31

Concluoiona 3

Lioit of Taboan and rigurca 3
Tablou 3
1Fi~uz'o



lh February 19516 DAL-370, CT-25480O

DESIG AND PMFORIMIANCE OF A VARfIABLE
oEOuFvkY DTnI,nISIM FORi AN
AXIS.WVTRIC WIND TUNNE'L

by

Jaoeo Burley Kyser

,SU~4MAR~Y

To prevent the lar4 or occurut thr•at area required for otartino a ouper-

sonic wind tunnel from penalizing the performance durina the entire rum, a

diffuser was constructed with a movable corntorbody. After the normal ,:hock

had been owallowed during otartino, the centerbody was moved forward, thus

conJtrictinC the flow areaut the second threat. This allowod the normal

ahock, or oihock oyatem, to occur at a lower i-;ach Number, and therefore, reduced

the locoeu.

Exiutlni theory wva not outiafactory for the solution of the flow field

between the firut reflection of the conterboay bow shock and the second throat,

so it was assumed that this rction was two-dimensional in Tature. The boundary

layer in thia r•Jion waa preosuwied to be unaffected by the chock reflections.

pxperimuntal data indicated that thu vucond threat Mach N~umnber wao between

3.36 and 3.66 inatecd of one as predicted by the desian. The magnitudo of

thio 4-iocrepancy indicated an error in the aceumptien tbat the reflected ohock
waves had no effect on the boundary layer. However, even if no orrora had been

present, the entropy rise acrose the chock pattern upstrearn from the socond

throat would have prevented the Vach Nu;.ber from beina roduced to unity.

All tooto wcore conduc't:d in the i.a-ir eL-w axioymmotrio tunnel

of the Aeromechanica Division oil Defenue Reaearch Laboratory. This tunnel is

located at the Balconua Rescarch Center of T!.c Unhivorjity ef Texaa,

Austin, Texau. The tunnel ic of the intermittent-flow type with a tesot section

Vach Number of 4 .89. With the variable geometry diffuser the maximum runnir.j
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time eas 87 seconds, as compared to 30 seconds with ori6inal diffuser. Hlow-

ever, a 0.095-Inch-diametcr probe exterdinUj frora one wIall of the test aoction

wao found to reduce the running time from the maximum of 87 seconds (writh

the toot uection empty) to 22 occondo, whereas an eiabth-inch thick weodQo-

shaped survey rake (with 45 dectreo vertex &anXleo) extending across the cnWiý-,

tent section reduced the runnina time to 35 seconds. This Indicates that

proper Yodel desion and porhaps aymmetry are au important as proper dlffuacr

deooi.n. Since tho optimum area ratio varied with the model in the teot section,

it wau concluded that the model wazs n Important faotor that should be con-

3idcarod In wrxW future diffuior desian.
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xoo j ~utional ura square inches

a- local. saccl3 of' ~oord, fps

CF ir'ýan akin friý;tion coefficie~nt

C - Q1.,por~ura ecovery f~actor
H-boundaory layer allapa paraLmeter

L - cht~racteriotir lan-th, fect

14 - .Mn-ch Vi'~wb.r

11 - S~u1Ac pr'essure (units noted)

P - end p2rcoeure, ia, hiehoot X~raoeure occurrlr,-: in diffucer
H - Rynolds Ni4wiber

on - polar coordinatea (eiriure i
T - toinporature, docrgeaa Tharline

t - t(2mperLaturo, daCp.'aos Foairor:iote

'a ,1,- vaci2uity COmfpfllo1itu., Cartei.C'af floordfltJ~ou (Fi~urc i

V - VQlooity, fro

V L - liwitinG~ vvloci~y, ipoj

V r Pvtv - velocity componanto, polar coor'dia~tc, (1Y±sure i

XY, z - Crartcauiin coiOuyQ tniou, (FiCuru )0

- boundar'y lItyrzr thichi~ov, inc&c-

b* - b~un~da'Y l~yL'r d(I'c~jp"CcsMct thicknuou, inochou

Slihock unalo, dorcec

y - ~rwuiio of a peifiJc hicato, 1.I40 fori air

P- local. donnsity or air, olugs per culbic foot

0 - boundary layer momentiun thic3kneoo, inches
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bar over ayntbol , wo•erarr. conditions.

Supersoripts: ( ),.lc,,n.Aos throat cundltlona

a denotes reference conditions

Subscripts: ( )o clrnote.J oettlin, chamber conditions

( )l1 gcorrespond to r'uiona definoe in FiGsit 6

P o1o9denote totl.proessures in regions dofined

in Ficure 6
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INMhTODCTION

The procedures involved in the deslen of a variable geometry diffuser

for an axiuywwetric wind tunnel are presented in this report. Also included

is a copariu•,n of theoretioal and experimental parfornvince of the diffuser.

The diffuaer viao desiened and constructed to replace the exiatinG fixed

Coo•iutry diffuscr in the 4.5-inch teat auction dlanetcr axiayz,,iotric tunnel

operated under Defense Research Laboratory Contract NOrd-9195 at the Balconee

11euarcli Center of Tho Univoruity of Texas in Austin, Texas. The tunnel

iu uf the intermittent flow typo and hao a toot soetion Mach Numnber of 4.89.

With the oridinal diffucor, runs of only 30-ccondu duration could be made.

Thia proved inadequate for obtainin, certain data, no an improved diffuser

wao neccaary for wuccouoful onoration of the tunnel.

Although a diffuser nannot prevent a normal chock wave or shock system

from occurrin, in the trLnuitlon froia ouperoonic to ouboonic flow, 't can

reduce the Mach Number at which the norral chocik occurs, and, thores' re,

reduce tho lososs rouultina from the shock. While the tunnel io ottr'tnIt tho

nornal •hock in located in the tout auction at a high Mach Nuiber . Thin

cauces a euvero entropy rise and conscquently allows very little contraction

in the second throat. While the tunnel ie operating, the diffuser M'4 reduce
the Mach Number almost to unity before the normal shockc occurs. Thus, the

entropy rice ic loss severe, and Croater contraction way be utilized.

Since a fixed aeonetry diffuser must have a sufficiently small
contraction to allow for atarting, the Mach Number at the second throat

(before the norwal chock) will be h.Lzh enouCh to cause large energy losaaý.

There:ore, in forming the scond throat, a movable centerbody was used in

pruference to a fixed ceometry diffuser. It was hoped that the higher static

,roasuro down.tream frow the second throat would exert sufficient force on
the centerbody to move it forward from the etartinL pooltion to the operatine

position. This action w:ould allow for the largor area required for atartlng,
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without .)enal !7ing or interfeorin with proesure recovwry t.irouahout the
"-aired automatic nature of thie typeo of diffuser would

tunnol such v aVe onr- .,.,uosetion.

. .. :.ilplctuly eatiefac. proccedues

involved in th•., auoi.n, .&n ptrtlcu~lar, tho re~i( •ft of the centorbody

bow shock waa aesumod .o be two-dimeneional in nature, and effects of the

rellected shocks on the boundary la'er were neglected. Experimental data

are giventD help determine the validity of those assumptions and to evaluate

the performance of the diffuser.
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CERNIAT. DF]'.JIG1 CONTSrDDIAToN

It was desirable to conu •ruct the diffuuor so that it could be placed

in the tunnel circuit with a iinimum number of changes. Thiu required an

aseombly with a total len:th 48 inches. 7owever, the initial 6 inches wae

left clear to allow for tho mountinr of r, cls in the teot section, and th4ý

lust 8 incheo wna required for fLauni;.• the centerbody mount. This left

34 inches fur tho working tiecotion of the diffuser which obviously wao in-

uufficiunt for complete superoonic and uubconic difL±uton. Thereforo, it was

decided to concentrato on oupersonic diffusion and make it ao efficient
as posuible, even at the expenue of subsonic diffusion.

The initial portion of the outer ohell was constructed as an extension

of the cxitiing test section, with a boundary layer displacement thicknooo

correction of db* / dx - O.0081h inches ter Inch as Given by Reference 1.

Althouah this value admittedly changed across each reflected shock wave, it
vau believed that the offvnb of the changoe would not be great onouGh

to alter significantly the boundary lyer in the 4-1.nch section be4ween
the firot ohock reflection and the second throat. Since no theory ir known

to exist for the case of boundary layar-ahock wave inter-action, any
aaeumption would be strictly a Guess.

A cone with a acnsi-vertox angle of 10 de~reea, uncorrected for boundary

layer Growth, waa oelected for the nooe of the centerbody. The value of 10

dcarees wao chosen for the serai-vertex angle because Reference I Indicates
that a larger angle would result in a far Creator velocity decrease across
the bow shock. This would mean a atrone shock instead of a weaker one
which would more nearly approach an isentropic process.
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The portion of the outer shell just aft of tho second throat was a

12-inch transition from tlie li.8*3-inch-diameter tQ..t section extension to

the 6.25-inch-diamottr oxhauut.pipe. The trann-l.on section had a tUy..r of

0.0586 inches par inch. In the region aft of the second throat, the boundary

layer displacemient thickness aas assumed constant with a value equal to the.'

at the second throat.

Rfelo"runce 5 indicatoe that there ohould be a very slightly divertr0fnt

pauaeo just doiinotrcam from the second throat to allow oubsonic flow to be

completely established. AlthouGh a method of determining the leng~th of this

paosare waa prona-boed, it was not utilized becaune it Yav) a :.nG.th of zer,'.

for the second throat MachI Number of unity. Because of the probability that

the Elach Number would not be reduced to unity at the second throat, this

pau.LoGu wuo arbitrarily made 6 inches lonC, di orhin, by about 1.5 deroowu.

This eotablished a slope of 0.035 inchoes lir inch on the centerbody ior 6

inches aft of the aceond throat. The following, 6 inchee of the conterbody

wau cylindrical with a diamot(r of 4.10-5 inchecj. It was then boat-tailud

and torninated abruptly duo to apace conioIderationr.

The centerbody waO L.OcUr, tOd on a 27-inch len!t•,i Of 1.50 inch double-

extra-heavy steel pipe machined to a 1.800 inch outcsde diameter. A 1 ilar

wau threaded on one end to provide a otop 15 inoie•e forward of the deoULn(nd
operatinG position. This van done in order that contraction ratiot (roater

than the theoretical maximuia could be teoted.

Six 0.625-inch diaraeter stuel rods were welded to the mount to provide
a meano of bolting it in the tunnel. The center of the pipe was left open
to allow the hi.her preecsure at the downsitream end to aeniat the motion of

the centerbody from the otartin; to the runnin; position. The opening
in the p.pe also waa usoful in the installation of the centerbody poSitionln.,

inechanium.
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Fir;ure 18 is a schematic drawing of the diffuser assembly showing the

positioning mo•caniaim. The positioning rod shown was a 0.625-inch diameter

monel tube. Th~e centerbody static pressure taps were connected to the

manomoter board by plastic tubing which ran through the center of the

poaitioning rod. FiGures 19 and 20 are detail drawings of the outor shell,

and the centerbody and centerbody mount assemblies. The locations of all

static pressure taps are shown on these drawinga and the corresponding

manometer tube numbers are indicated.
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DETERMINATION OF SECOND TiMOAT AREA

The purpose of this section ie to explain rather completely the

theoretical design procedures involved in determination of the second thromt

area. In order to keep this section us concise as possible, derivations

found in moot textbooks have been omnitted. The flow in the second throat
are" was assumed to be composed of u vlsoous flow field comprioina the

boundary layer displacement thickneso of both the centerbody and the outer

shell, and a potential flow field for the remaining area. The shock waves

were assumed to be reflected from the displacement thickness of the boundary

layer.

POTENTIAL IFLOW FIELD

The flow in the test scotion and teat section extension was atstuncd

to be uniform with a Mach Ntu.ber of 4.8 9 . The pctential flow roeion here

was a cylinder 4.0811 inches in diameter, bounded by the displacement thick-

noes of the boundary layer along the outer uhell.

The methods for solution of the flow around a cone are presented

rather completely by Ferrn in Reference 1 and, therefore, will be only

briefly diocussed in this section. Since the limitinU velocity, unlike

the local speed of sound, does not chanau across a shock wave, the ratio

of the local velocity to the limitina velocity was used frequently in this

development instead of the Mazh Number in order to simplify calculations.

The limitina velocity is defined as the velocity that would be obtained if

the flow were expanded to a zero absolute pressure. It is given by

Reference • as:

V L 2.236 a
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For the aooxsed oettling chumber temperature of 60ot, VL was found to be

2504 fps.

By an iteration process, the shock anle for a 3.0-dearee cone in a

uniform flow field of Mach 4.894 was found to be 1i.7* degrees. The .rAtial

point on the hodo&raph diagram was determined by the relation,

r V cos n

VL VL

which states that the velocity component in the directIon of the shock

cannot chanee across the shock, and the relation,

-V t -Y V" cot n (V
-V- T rr7- V
L L r

which io derivod from the law of conurrvation of enery across the shock.

The values found by those equations were:

Vr
V 0.877

-V
-0.1568

V.L
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succeeding shocks wua ac'namod to be 10 deeres; in accordance with tae two-

aimenoional theory. However, a lC-deorce deflection across the ohc.•k

between reCions 8 and 9 was not compatible with sonic flow aft of t:

shock. The criterion of sonic flow wau taken as the basis for establishlin

thu properties of the shock. At the uecond throat, a normal shock was

assumed to exist. Velocities and property values across all shock waver,

are Civen in Table 1.

The potential flow second throataroa ratio, A1 , w•as shown to be equal

A9

PCto the pressure ratio, :L2 , and had a value of 0.796. Since the nozzle
POl

throat had an area of 0.570 oquare inehco, the potential flow second throat

area was 0.716 inches.

VISCOUS i'LOW WIID

The boundary layer 1 ioylaceient thicknecs on the outer shell wau taken

to be that found by I{ar',nowj In Befurencc 4. This value was b./x - 0.00814

inches per inch, and its validity .aad beer. eot'.liihod' by tests mU6, in the

tunnel.

Tho boundary layer dioplacment thickness on the cone waa found by a

combination of metihods (iven in Reference 7 and 8. According to Referenne 8,

the local skin friction coefficient (and therefore the mean skin friction

coefficient) for a cone is the same as that of a flat plate if the cone

Reynolds Numibur ia divided by 22. The repreuentative values of PC a 95 pain

and to a 60OF were used to determine the Reynolds Nwnbor at the base of the

c one.
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Reference . gives the radiue of curvature of the hodotraph diagram as

v t cot n + Vr

V L VL

VL - 2- -
L2 t/"L

2. . 2. vt'j/VL2  'vr2 /VL
2

Incrementu of about 2 degrees were taken, and the hodograph shown in

Figure 5 was constructed.

Althoutjh the flow wao conical in nature in reeion 2 (Figure 6), this

was not the case in region 3. In order to avoid the complexities of an

exact solution aft of region 2, an average velocity was found by the

following relations: i A

P. Oii Ai •P Iv Ai________i PiAi

These relations state that the total momentum in the d.irection in queation

divided by the mass flow in that direction yields the average velocity.

AveraGe properties were found by assuming adiabatic compression of the flow

from conditions just aft of the initial 4ahook and correspondilng to the

avorase velocity and flow angle. Tits was done with the aid of tho

Prandtl-Moyer tables Given in Iluforoncu 3.

The shock wave between regions 2 and 3 (Ficre 6) was assumed to be two-

dimensional in character. Prior t'. .he n. sck, t:.e average flow direction

formed a 7.85-deeree angle wit.i the vonttrire of the tunnel. However, after

the s•hock, the flow direction was assumed to be parallel to the center-line.

Property chanGes across the shock were fiund with the aid of shock

tables given in Reference 3. The flow deflection across each of the
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The Reyn-lds Number ia

and the vulueo L;ivon in Table 2 for flow ut the vurfr.co of the cone aro:

M J4.01O

p 0.0002r23 alud/ft3

V a 2216 ija
T - 12h4 R'

Thu viScosity vau calculated by uuin8 Cope an-l Hlrroeta equation

T'

where I.0 and T' were taken from Ref.erotce 11 au

I* - 100 x 10"7 lb - vG/ft 2, and
T' ,,40O R

when th',.e valute verv substituted Lnto the Cope and Zhrtrea ocluation, the
result was p = * .3 x 10"7 lb - aec/f'tl 1.10 x 10"7 slu&/ft seC. The

moan okin friction coefficient was evalual.d at the b1e of the cone where
L = 0.953 feet. This Cave a Reynolds Nwmbor of 3,030,000 vhLch uas equiva-

lont to a flat plate with a Reynolds Number of 4,0150000.
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Wilson, in Reference 7, Gives the rilation between mean skin friction
coefficient and Reynolds Number ar.:

0.242\IO

loalo (9) - 0.768 101o0j1 + C÷e MI) 2

whore:

22

2

An oxporimcntal value of the ten rature recovery factor (used in Refer.
ence 7) of CO = 0.88 was substituted Into the cquation alona with the vari-
ables given above, and the result of CF u 0.002114 was obtained.

This value of CF was converted to the correspondina displacement thick.
neec by the following fundamental relationo:

CF= x

and

8* H0
. X.

Therefore 8* H

ThQ shape paramr.eter H, was given by Reftrence 6 as H - 8.418 for a Mach
Number of h .015. The value of 8* was ten found to be 5* 0.0090.
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Althoueh the valiues of 8 * for the cone and outer shell were admittedly
T

not constant along the entire surface, they were aosumod so in order to avoid

complex machining procedures. Also, it was felt that the errors introduced

by this procedure would be small, due to the fact that distances between tie

first shock wave reflection through each boundary layer and the normal shock

were small.

DUTFRMINATION OF THE TOTAL ARFA

The total displacement thickness for the boundary layer on the outer

shell was 0.389 inches. This wao the re;jult of a 0,00814 inch per inch

Crowth over a lonwth of i6.6 inchea. This rave a flow region with an out-

side diameter of 4.084 inches. Thure'oro, the area was 5.283 square inches.

As already mentioned, the potential floJw second throat area was 0.716
square inches. Since this area was annular in form, with an outside diameter

of 4.084 inches, the inside diameter was 3.971 inches.

The value of 3.971 inches was the diameter of the base of the l0-dogree

cone uncorrcet,.d for boundary layer. This base diameter therefore set the

lenGth of the uncorrected cone to be 11.25 inches. When the boundary layer

correction of 0.0090 inches per inch was subtracted from the slope of the

surface of the cone, the base diameter became ,.765 inchcs. This left an

equivalent annular viscous flow re.ion for the cone with an outoide diamctor

of 3.991 Inches and an Insldo diametor of 3.760 inches. 'Tho aroi was 1.25

.-quarc i ncheu.

The total second throat area was composed of the three reaions above and

had a value of 7.25 square inches.
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AREA, HEQUIMED FOR STARTING

While starting, it was "anumed that the normal shock occurred in the

teot section at a Mach Number of 4.894. At the second throat, the velocity

wao taken as a fully developed seventh root profile with a muc.ximun Mach
Number of unity occurrIna midway botveen the curfaco of the cone end tho

Zuriaco of -tae outer shell.

According to Reference 11, the ratio of critical areas across a normal
chock at Mach 4.894 is 0.0667. The nozzle throat area of 0.570 square inches
wan dividod by this value to give the uncorrected second throat area of

8.:6 square Inches. At the aecond threat the Mach Number was unity, if
the previous assumptione were correct. The values of the boundary layer

ehapa parameters, H and F , Given by Reference 6 for a Mach Number of unity

are

1 l.73

-1.0 lo.984

Therefore,

6 ,* b" 0
~~9 a~x= x ~0-1579

Since it sao f oied that the entire pacutaa at the second throat wan filled

with boundary layer, the uncorrected area aaa 84 .'1% of the total crons
sectional area. The uncorrected area of 8.546 square inches was divided

by 0.8421 to yield a total area of 10.15 square inches. Therefore, the
centerbody retraction for atarting waa 3.136 inches.
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APPARATUS

Testo were conducted in the 4.5-inch axioy•nretric wind tunnel at tn.

Bolcones !ýQoearch Center in Austin, Texas. This is an intermittent flow

tunnel with a toot section Mach Number of 4.89. Fi'ure I shows the tunrnl

circuit between the nozzle (at the extreiae left) and t).e 6-inch pipe to

the vacuum tank (at the extreme right). The diffuucr assembly vac installed

aa a perianent part of the circuit just aft of the teot section, placinG

the front lip of the diffuser 26.6 inches from the nozzle throat and the

second throat 46.6 inches from the nozzle. For clarity, in Figure 1 the

outer shell is suspended below its installed position.

The high pressure system conalatod of a 100-hp four-atage air ,•ompreasor

with a capacity of 144 cubic feet per minute (at standard conditions) and

a delivery pressure of 3000 poi. Four tanks with a total volume of 100

cubic feet made up the high prsosua'e reservoir. The low prescure system

was compooed of a 2000 cubic foot vacuum tank~ which was exhausted to a

minimum absolute procuret of 0.5 inches of mercury by five 3-hp pumps. Ap-

proximately 20 minutoe was required for the vacuum pumps to lower the vacuum

tank pressure from shutdown pressure to I inch of mercury.

The settling chamber pressure was controlled by a quick opening

automatic proesure regulatine valve, uhich throt.uod the hiah preosure

air from reservoir conditiona to the desired r . Settlina chamber presuure

waa measured by a pressure Gauae with an 18-inch face, shown at the extreme

right in FiGure 2o. This allowed measuremento to within 0.5 poi. Settlina

chamber temperature was Given by a thermistor installed just ahead of the

nozzlo.
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Thc centerbody was posltioned by an indicator fastened to the

positioning ro. and a scale bolted to the tunnel support frame. This

way be ueen at the extreme right of Figure 1. A atop was provided on the

positioning rod to prevent travel forward of the desired centerbody locatIon.

This allowed the conterbody to bo retracted for starting, and the forwar'd

thrust kept the centerbody fast against the stop at all times durinm the run

after the normal chock had been swallowed.
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METHOD

Static preosure taps were located alone the entire shell at in-,•rvals
varying fr'om 0.2 inches near the second throat, to 4 inches at the extreme

rear. Static pressure taps were also placed along the conical portion of "he

centerbody. A total of 27 taps, 22 on the shell and 5 on the centerbody,

wau installed in the diffuser. Table 4 Gives the exact location of all the
taps. The static pressure taps were connected to a 50-tube manometer boare

shown to the loft of center in Fijgure 2. Data were recorded by a 1hotoarap..
taken of the zanometor bcrd each run at the time that the normal shock

wave was located in the second throat. Figure 3 is a typical photograph of
the mano,.etor board, taken during a run with the conterbedy in design

operating position.

Runs wore made with the centerbody near starting posltion, near the
design operating position, and in the most forward position. In each cane,

a photographic record was made of the manor. ter board. RunninL, time,

Po, and TO wore also recorded.

To deterrmine the effcnta of the teot section obstructions on the
performance of the diffuser, runs vore iade with a probe, a survey rake,

and a flut plate in the toot eoction. The oLunk of the probe vac a 6.095-
inch diameter tube, and the cffects of three different depths of penotration
were determined. The survey rake wao approximately 1/8 of an inch thick
and 3/4 of an inch wide, with front and rear total included ancloa of 60
decorous. It extendod across the entire aiaviotor of the teot section. The

flat plate was 90 inches lonzv, 3/8 of an inch thick, and also extended
-croas the teat section. For each condition, the optimum centerbody

location was found, and the runninp time for this position vas recorded.
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An attempt was made to determine the value of p ' the r;"ýeotwsc rati-

required to operate. This was done by exhaustins into the atnosphere and
manually rainir-. Iio frtl~diflS , pressure to that required to at.-.rt.

.-.....; i.. ntrucLirn of the p~r,..;sure ropulatingsay~ioa, pi ohibitedl

,fl'uoxu.''Q (Zr(Jater than 300 yes,,;, which was not enouah to start the tunnel.
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DISCUSS,'•N Of, JRESUTS

A. Striti, • re Tests

1. General Errorj

All data taken durina these tests were subdeCt to certain inherent

sources of error. One of these was the effect of propagation of disturbances

by the boundary layer. The subsonic portion of the boundary layer moyby
this effect, permit pressure disturbances to be propagated upstream in an

otherwise supersonic flow. Also, a emall error In measuring static pressure

may cause a sericua error In Mach NuL.bers indicat-.d by pressure data.

Another source of error stemmed from the time required for the manometer

board to stabilize. Since static pressures aft of the second throat in-

creased continuously durinC the run, it may be expected that recorded data
did not accurately represent the existing static pressures. To help correct

this condition, several sets of data were taken for most centorbody

locations while the normal shock Yevo was in different positions. Presoures

upstream from the cecond throat wore taken from data recorded while the

normal shock was located slightly downstream of the second throat, and the

pressau downstream from the second throat were taken from data recorded

a second or so after the normal shock had passed through the second throat.

Preliminary rune showed that the diffuser was very sensitive to the

symmetry of the cystem, and therefore it vas deduced that a slight oc-

centricity in the centerbody alignment miiht seriously alter the diffuser

performance. To check conterbody alionment, runs were made with it rotated

90 deoees and 180 de'rees clockwise. Since no effect of the rotation could
be detected from static pressure data, it vas assumed that the alignment was

sufficiently correct.
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2. Pressure Ratio Required to Start

Since the construction of the pressure regulating valve prevented

settling chamber pressures higher than about 300 peig, the tunnel was

never able to start while exhausting into atmosphere. Reference 5 iadicc.,os

that the minimum pressure ratio required to start taw 1.5-inch two- dimon-

sional tunnel reported on woas about 21 at an area ratio of 1.35. This

indicateo that the tunnel described inthis report may start with a pressoce

ratio slifhtly higher than the maximum value of 22.6 obtained in these

teats. With the previous diffuser, the tunnel could start with a pressure

ratio of about 19 at an area ratio of 1.35. The better starting performance
of the original diffuser was in part due to the sihorter distance between

the test section and the second throat, 6 inches as compared to 26 inches

on the variable geometry diffuoer. This meant far loss skin friction drag.

Since the diffuser acts as a subsonic diffuuer while the tunnel is starting,

the original installation with its 3-foot slightly divergent channel was

undoubtedly more effective than the variable geometry diffuser with its

6-inch slightly divergent section.

3. Pressure Ratio Required to Operate

The best measure of the performance of a 'Iffusor is the pressure

ratio, PB/Pc, required to oporate the tunnel circuit. Figure 7 shows the

effect of area ratio at the second throat on pressure ratio required to

operate. Also included are data from the most efficient run reported in

Reference 5. The curves are displaced from one another because the viscosity
effects arc more pronounced in a smaller tunnel such as the one used by

Goldbaum (Reference 5).

Since wind tunnel teouts are seldom made vith empty test sections,

it is important to have some knowledge of the diffuser performance while

obstructions are present in the test section. Therefore, runs were t.zde
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with a 0.095-inch diameter probe, a Eurvey rake, or a 9.0-inch flat plate

installed, in the test section. The probe had little effect on the over-all

performance when extended only an Inch from the wall. However, when it

was extended 1.75 inches and 2.5 inches, the pressure ratio required to

operate the tunnel was more than doubled. This indicates a serious flaw in

the operation of axioymmetric tunnelo. The rake, which extended across the

entire teat section had .1ttle more effect than the probe when extended

1.75 inches (approximately 401 of the distance across the tunnel). This may

have been caused by the strona, detached boir chock from the circular cross

section of the probe while the wedge-shaped leading edge of the rake created

a much woakeor attached uhock. The eccond throat area ratio of 1.20 with the

diffuser in the fully retracted position, approximately 6 inches rearward

of desiGn operatinCj position, was too great to permit the shock to be

swallowed while the flat plate was installed. Therefore, little can be salC

about tunnel performance with this model in the teat •ection. Figure 17

yivea static preouuroo as a function of thu distance from the nozzle. It

shows that the normal shock is located womewhere between the ond of the

teot cection and the front of the conterbody. Static pressure data from the

pressure tape on the flat plate appear to be unaffected by the fact that the

normal shock had not been completely swallowed.

The data used in plotting the curve shown in Fioure 7 were not obtained
by direct measurement and, therefore, should not be considered exact.

Because of difficultieo encountered in avcurately measuring vacuum tank

pressure at shutdown, the following procedure was uiod to obtain data chown

in Figure 7. Running time and centerbody position could be measured with

a reasonable dearee of accuracy so Firure 8 w.a iseod as the basic for this
analysic. The centerbody locations for tho data shown in FiGure 8 w•re con-

verted into second throat area ratios by means of Fi~ure 9.

Since the pressure aft of the second tihrci were coentantly droppir.3,

the manometer board lag time prevented accurate ' from being made at
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th~e instant the shock poppod trxoýxfh the cc.-n,•. týrnoo.t. The vacuu .

lowered the vacuum tank pressure soine during the time required for the

manometer board to stabilize after shutdown; this prevented an accurate

reading of P fror. being made after shutdown. To correct this condition,C

pressure readinCs were taken both before and after shutdown. These data were
plotted in FiCure 10 aa runnino time, vQ.,uhut-do~mn proeoure ratio, P /I .
The point at zero running time was calculated by assuming an initial vacuum
tank presoure of one inch of mercury and a settling chamber pressure of 94.9
psia, or 82.5 poia. A swooth curve was drawn through these data points, and
it wvas assumed that the curve, not the data) was correct. The running tirL I~f
the data shown in FiGure 8 were converted into pressure ratios by means of
Figure 10. The values thus obtained were plotted as urra ratio, A/A9 , Vs.

preosure ratio, P./Pe, to yield Figure 7. This procedure assuamed that
vacuum tank temperature was a function of time only, and vas not affected by

tVi conterbody location or by a model in the test cection.

4. Effect of Area Eh,.tLo on Static Pressure

FiGures 11, 12, l"., and 14 show the effect of area ratio on otatio
pressure. A wide scatter of data points in the rmciron ahead of the ut.,ond
throat was evidenced in all cases. This vas caused by the shock pattern,
since points on the shell and on the cone occurring at the same area ratio
wore separated by a shock wave and hence, had different static pressures.
All curves have approximately the came form, but are displaced, and changed

in size according to the maximum area ratio. FiGure 11 shows all pressure
data plotted in non-dimensional form. For each centerbody settina, the

local presscur data were divided by the second throat area to yield the
contraction ratios. Figure 12 illuotrates the Gain in pressure recovery
that was obtained by making the centerbody movable. The data correspond to
the optimum operating position (centerbody 4.88 inches forward of design
operating position), the maximum area ratio that would allow starting (center-

body 2.75 inches rearward of design operating position), and design starting
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pouition (centerbiay 3.03 inches recarward of design oyerating position).

Also included in F'iiure 12 is the curve from Fiuares 13 and 14. Figure 13

shows data from runs made with the conterbody located 0.1 inch forward And

0.1 inch rearward of the desicn operating position, while Fi~ure 14 shows

data from runs made with the centerbody in design operating position. The

proximity of data from these runs illustrates that pressure data were not

greatly affected by small ohangeo in centerbody location.

In "ll cases, the area ratio was defined as the mean test section area,

15.50 square inches, divided by the area in question. This was done to be

consistent with data presented in Reference 5.

Although the nmaximum pressure recovery reported was obtained with the

centerbody located 4.88 inches ahead of design operating position, it wus not

proved that this area ratio Cave the boat poosible pressure recovery. However,

since the centerbody was at the forward end of its travel in this position,

tests could not be made with greater area ratios.

5. Static Pronoire Distribution with Diffuser
in Vo.b';n Oj•)orating( Position

The a(remscnt bttworn theoretical and moasured static pressure data was

quite Cood in front of the bow shock from the coenterbody. However, this wvs

not true aft of the bow shock. Discrepancies start immediately aft of the

bow shock and Crow progressively worse downstream. This was anticipated due

to the fact that the theory did not take into account either the entropy rise

or the ener~y loss due to viocouo friction in the boundary layer. Fi~ure 15

gives the static pressure r..tlo, P/-'0, aloei, the cntlre length of the diffuser

shell and along the conical portion of the centerbody, and Figure 16 Cives

the area ratio alonC the entire length of the diffuser. At the second throat,

th,6 tatic presoure ratio is 0.0085 an the shell and 0.0125 on the centerbody.

If the pressure is assumed to vary linearly across the second throat, an

averag~c pressure ratio of 0.0105 is established.
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Since the comprueosion process between reSions . and 9 (Figure 6)

lies somewhere between an isentropic compression and ono obtained acroua

Oingle strong shock, it is posoible to calculate an approximate second

throat Mach Number from static pressure data. The isentropic Mach NJuvber,

i.e. that Mach Number corroepondino to an isentropic expansion from the

settling chamber pressure to the pressure in question, for the second throat

was found to be 3.66. The ratio of second throat pressure to test section

pressure was 4.96, which established, the hypothetical shock angle as 25.4

degrees. This, in turn, establishead the flow deflection to be 15.8 degrooo,

and, therefore, the Mach Ntuiber was 3.36. It Y..ay be then concluded Ghlat

the second throat Mach Number was between 3.35 and 3.66.

Equatin6 the mass flow through the nozzle throat to the mwaa flov

tlhough the second. throat, and assuminS as iuentropic compression, the
potential flow ,ocond throat area required vas found to be h.19 square
Inches. Similarly, assuming compression by one strona shock, the potential

flow second throat area required was found to be 5.00 square inches. Since
the total second throat area was 7.25 oquare inches, tho total arca occur.!c%
by the boundary layer displacement thickness on the centerbody and shell
was between 2.74 square inches and 2.25 square inches. Since nothing is

known about the actual distribution of the boundary layer between the cone

surface and the shell surface, this is the furthermost point to which this
approximate analysis can be carried. However, it appears that the assumption

of conctant boundary layer Growth after reflected shocks caused far groater
error when applied to the shell than when applied to the centorbody.

An attempt was i:ýAe to determine the diffuser shock pattern. It was
impossible to establish the exact location of each shock reflection because
of the tendency of the boundary layer to transmit pressure disturbances

upstream. FiGures 114 and 15 clearly show the effect of a shock pattern
aft of the second throat. This shock pattern appears to retain full strength
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for about 9 inches, whereupon it ,radually decreacses in strength and ceases

in about 5 more inches. This indlcated that the 6-inch illihtly divergent

passage was not sufficient to allow complete transition to subsonic flow.

Aft of this, the pressure drops off Gradually, either as a result of viscous

drac in the boundary layer or aj a result of drug from the centerbodj aupport.

B. Tests t,. Determine Length of Rune

1. General Errors

All tests were made with an initial vacuum tank pressure of

approximately one inch of mercury and a aettlin(v chamber pressure of 82.5

pl.C. Running time was started imen 1he valve started opening and ended

when the shock popped through the second thrL,.t. When the centerbody was

located several inches ahead oa desi~jn Op..-ratin; position, this made a veiy

avdublv k±urwuio. However, wh, n tl.,• centurbody was retracted, it was

very difficult to tell .rlen the shock popped through the second throat.

Thlu Intrcducead possible source of error of several seconds on the shorter

runs. Also present was the possibility that small leaks in the system miaht

cause boundary layer thlckenin, in the region aft of the leak and create a
reduction in diffuser officiency. This would, in turn, cause a reduction

in runniniý time. Since t1, .wa improbable tmat all leaks in the system were
completely eliminated, all values of running time wore undoubtedly Cabjoct

to this error.

2. Effect of Centerbody Location on Running Tine

Figure 8 shows the effects of centerbody location on runni=nt
time. All data were taken with the vacuun pumps operatinj durina the entire

run. Reference 5 indicates that the curve would break sharply downward if the
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optimum area ratio were exceeded. However, the construction of the center-

body prevented tests with area ratios croazer than 3.03 from being conducted.

The maximum deviation of points from the 'ine was about 4% This was leas
scatter of points than was expected, oonaidcrina the accuracy of the measure-

men to.

3. Effectaof Test Section Obstructions on Running Time

Since vacuum tank pressure varies approximately linearly with the

1 encgth of the run (Fiaure 10), the remarks made about the effects of the

teat section obstructions on pressure ratio roquired to operate apply 1here,

also. The running times with the probe extended 1.75 Inches and 2.5 Inches

into the toot section were so short as to make it questionable whether or

not probe data could be obtained. The rerwedy probably lies in the redesign

of the probe, i.e. use of a double wedoe cross section, instead of a redesian

of the diffuser.
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CONCLU•TIONS

The theory used in the desian of this diffuser predicted a Mach Number

of unity at the second throat instead of the value betvion 10.36 and 3.66

indicated by static pressure data. This diacrepancy vae caused partially

by the entropy rise in the boundary layer and partially by an error in the

predicted boundary layer growth. Previous total pressure survoyo indicated

that the boundary layer correction of dS*/dx - O.O00Wh applied to the

surface of the nozzle and teat section was correct. Therefore, it umay be

assumed that this correction was valid alonG the entire re~ion between the

nozzle and the first reflection of the bow shock from the centorbcdy. Since

the thickness of the boundary layer on the centerbody was not laree enouch

to cause an error of the observeo magnitude, it appears that the growth of the

displacement thickness of the boundary layer on tne outer ahell was less than

the assumed rate of increase after the fir•t reflected shock. However,

the exact behavior of the boundary layer in the realon aft of the sc.ock

reflection could have been found only by extensive boundary layer surveys,

which time did not permit.

In spite of the limitations of the theory used in this deoian, fairly

,ýood results were obtained. FiGure 8 illustrates that the desIJGn conterbody

location apqeQLe to be the beot for either the 0.095-inch diameter probe

or the survey rake used in these tests. However, with the flat plate

installed, supersonic flow could not be established in the entire reGion

ahead of the second throat. This indicates the need oi a smaller centerboly

or a reduction of the diotance between the teat section and the second throat

to reduce losses from viscous friction.

The pronounced effect of test section obstructions on optimu. area

ratios indicates *;hat no sin~le dif.user deeiLgn %ill be best for all model

confiGurations. However, a Grout Gain in runninr. time, W~y be obtained by

use of models that are m.;allor than those used In theoi tests.
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Throughout the testa, the centerbody -*;4 positioned manually. It wao

retracted to the oatrting pooition and advanced once the ohock had been

swallowed. Although the forward thrust on the centerbedy varied according

to the centerbody position and the model in the test section, it was at all

times more than that required to overcome the friction in the pressure sea.L

on the positioning rod. However, since the forward thrust was found to be

sufficient to force the centerbody far enou43h forward to choke the tunnel,

a stop must be provided if tL4 operation is to be fully automatic.

This report has boon distributed In accordance with
the liot for Aorcdynamsic contained in APL/J11U, TO 8 - 11, dated November, 1!.3
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Part 2. CENTEBBODY fRTRACTED 3.03 INCMS "OM
DESIGN OPIATING POSITION

TEST SECTION EMPTY

Station Average Static P P Area A A
Reaains Pressure P P- 2 a 1

in.ha.abs. 0 0 in A A

21 53.80 .418 .00218 .0,115 16.M0 .9ý5 .607
22 38.80 .418 .00218 ,oh] 5 16.69 1929 .596
23 38.80 .1i18 .00218 . h)j 17 .Oh .910 .".384
2,4 38.80 .)818 . 80023. .0J415 17.28 .897 .575
25 )8.80 ,h18 .00218 .015 17.19 .902 .578
26 38.80 .I1.8 .00218 .Oh15 16.78 .924 .593

j)* 38.39 .828 .00432 .0322 16.76 .925 .59h
27 38.80 .A18 .00218 .0o15 15.73 .985 .632
28 38.80 .418 .00218 .0435 1)4.92 1.039 .667
5" 38.Ao .ý18 .OC)26 .0810 14.68 1.056 .678

29 38.77 .. o48 ,002-)4 .)45 13.23 1.172 .753
30 38.52 .698 .00364 .0693 12.61 1.229 .789
31 38.52 .698 .00364 .0693 12.35 1.255 .806
32 38.38 .838 .OOh36 .0828 11.77 1.317 .845
33 3.19 1.028 .00536 .1020 11.30 l.;409 .905
46* 38. 4 .798 .oo416 .0512 10.35 1.)29 .918
47* 38.60 .618 .00322 .0613 10.37 1.495 .962
48* 38.72 .498 .00260 .0o495 10o3. 1.535 .989
31 37.74 1..478 .00o770 .-167 10.10 1.535 .989
35 35.97 3.2 8 .c1693 .322 11.18 1.386 .893
36 314.95 14.2168 .02225 .1423 12.28 1.262 .813
37 3J.72 5.498 .02866 .546 13.50 1.067 .687
38 32.50 6.718 .0 50". .677 15.72 .986 .635
39 30.50 8.718 .o4rA4 .865 16.85 .920 .592
WO 29.34 9.878 .051h9 .980 27.50 .564 .363
41 29.11 10.078 .05253 1.000 28.18 .55o .354
42 29.31 9,9()8 osi65 .983 28.18 .550 .354

SeconA Throat Area u 9.98 quaire Inches

Reference = 39.-218

PC 94.40 psia

* Pressure Taps on Centerbody
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Part 3. CENTERBODY RETRACTED 2.75 INCHES FROM

DESIGN OPERATING POSITION

TEST SECTION EMTY

Station Average Static P P Area A A
Reading Preasure F P2 1.

in.h. abs. o in 2  A A

21 33.79 .429 .00219 .0408 16..ho .945 .648
22 38.80 .421 .00214 ,O1O0 16.69 .929 .632
23 38.79 .h27 .00219 .0408 17.011 .910 .619
24 38.79 .427 .00a19 .0408 17.38 .898 .611
25 38.78 .h37 .00224 .04h18 l .17.36 .893 .608
26 38.80 .417 .0Op) .G01(o 17.04 .910 .619
1414. 38.32 .897 .005/..5 .0942 16.85 .920 .627
27 38.80 .417 .002111 .0400 16.32 .950 .647
28 38.80 .417 .0o214 .014O0 15.65 .990 .674
45* 38.-'3 .867 ,00h4W .0828 14.78 1.049 .715
29 38.5�3 .637 .00326 .o6o8 14.15 1.095 ,746
30 38-.12 .797 .0oo4o8 .0762 14.62 1.142 .778
31 38.42 .797 .00o108 .0762 13.40 1.157 ,788
32 38.28 .9J7 .0hoo0 .0896 12.90 1.202 33.9
46* 38.40 .817 .oo118 .0781 12.53 1.237 .844
33 38.10 1.117 .00572 .1o68 12.21 1.269 .865
31 37.30 1.917 .00981 .1830 11.44 1.354 .923
17* 38.60 .617 .00316 .0589 11.10 1.396 .951
48* 38.50 .717 .00367 .0701 10.68 1 .411 .989
35 35.80 3.417 .01749 .326 11.48 1.350 .920
36 311.60 11.617 .02364 .•41 3.2.61 1.229 .87ý
37 33.22 5.997 .03070 .572 13.89 1.116 .760
38 31.94 7.277 .03726 .696 15.77 0983 .670
39 29.95 9.267 .04745 .8E5 16.85 .9N0 .C-7
40 28.88 10.337 .05292 .988 e2.50 .721 .191
41 28.74 10.477 .05364 1.o00 28.18 .550 .375
42 28.82 10,397 .05323 .99) 28.18 .550 .575

Second Throat Area 10.56 Square Inches
Reference a 39.217
P0 = 95.90 pasla

*Pressure Taps on Centerbody



Part 1. CENTERBODY RETRACTED 0.1 INCH FROM

DESIGN OPERATING POSITION

TEST SECTION EPTY

Station Average Static P P Area 1  A•
Reading Pressure P P0 A

1n.ha.abs.

21 38.83 .h03 .00216 .030. 16.3h .949 ,A57
22 38.83 .1403 .O0216 .0301 16.69 .929 .437
23 38.82 .Av1 .00221 .0307 16.98. .913 .430
24 38.82 .h13 .00221 .0307 16.68 .929 .437
44* 38.38 .853 .00417 .o621 16.10 .9115 .445
25 38.83 .403 .00216 .0301 16.03 .967 .455
26 38.83 .403 .00o216 .0301 14M.141 1.073 .505
145* 38.39 .83 .00o442 .0613 14-.35 1.080 .508
27 38.31 .923 .0014B33 .0652 12.03 1.288 .607
28 38.02 1.215 .00631 .0876 11.03 1.1405 .662
46* 38.-4 .793 .o01o6 .0578 10.87 1.426 .672
29 37.80 1.433 .007142 .1035 8.58 1.807 .851

47* 37.10 2.133 .01092 .1528 7.90 1.9.2 .7•'
30 37.79 1.143 .007)[9 .1042 7.67 2.021 .952
48* 36.68 2.553 .01317 .1820 7.42 2.089 .985
31 Second Throat- I...... ...... 7.42 2.089 .985
32 35.A3 3.917 .02016 .P80 7.78 1.992 .939
33 34.52 14.827 .02472 .343 6.30 1.867 .879
34 33.,4 5.907 ,02513 .3)49 8.70 1.782 .840
35 30.97 8.377 .o04e89 .597 . 9.82 1.578 .743
36 28,A45 10.897 .05580 .776 113,4 1.367 .644
37 26.66 12.687 .06h96 .903 31.52 1.116 .5140
38 26.12 13.187 ,06'?5 .939 1> ,71 .985 .4&6
39 25.37 13.977 .07157 .994 22.56 .787 .371
40 25.28 14.067 .07203 1.000 28.18 .550 .ri9
h4 25.40 13.947 .07!41 .992 28.18 .550 .259
142 25.53 13.817 .07075 .983 28.18 .550 .259

Second Throat Area a 7.30 Square Inches

Before Second Throat, Pc 95.89 psia; Reference 39.2)5

After Second Throat, P0 = 95.89 pvsm; Wo'ence a 39.3147

*Preaaure Tape on Centevrboday



Part 5. CETERBODY ADVANCED 0.1 INCH FROM

DEIGN OPERATING POSITION

TEST SECTION EvMT

Station Average Static P P Ar'ea A A
Reading Pressure P PL2

inIig.ab•. Pe A A

21 38.85 .407 .002095 029n4 16.34 .949 .438
3 8 .407 .002095 .0294 16,69 .929 .429

23 38.82 .437 .00225 .0315 16.93 .915 .423
24 38.85 .407 .002095 .0294 16.62 .933 .432
L41* 38.38 .877 .001451 .0631 16.38 .946 .438
25 38.85 .407 .002095 .0294 15.88 .976 .45s
1ý5* 38.340 .857 .00441 .0617 14.30 1.084 .502
26 38.85 .407 .002095 .0294 14.22 1.090 .504
27 38.30 .957 .001493 .0o92 11.97 1.295 .598
146* 38.48 .777 .00100 .(.60 10.85 1.429 .661
28 37.98 1.277 .00658 .0920 10.72 1.h46 .668
29 36.77 2.487 .01280 .1793 8.25 1.879 .868
147* 37.10 2.2.57 .01110 .1540 7.87 1.970 .912
Q8* 36,68 2.577 .01526 .1870 7.32 2.117 .977
30 36.77 2e487 .01280 .1793 7.32 2.117 .97731 Second Throat .. .... 7.17 9.162 1.000
32 36.57 2.687 .01383 .1938 7.69 2.016 .93233 35.85 3.1107 .01753 .245 0.22 1.886 .872
31 311.72 1.537 .02355 .328 8.72 1.778 .822
35 31.52 7.737 .03982 .558 9.76 1.588 .734
36 29.00 10.257 .05280 .740 11.32 1.369 .633
'7 26.92 12'377 .06371 .892 13.29 1.166 .539
38 26.51 1i.,74t x06561 .919 15.51 1.000 .46239 25.49 13.767 .07086 .992 23.0 .671 .312
40 25.38 13,877 ,071h3 1.000 2;.18 .550 .25).:
12 25.50 13-757 .07081 .992 2p.18 .550 .254
42 25.58 13.677 .070O40 .986 28.18 .530 .254

Second Throat Area a 7.17 Square Inches

Reference - 39.257

Po a 953.90 poia

*Pressure Tape on Centerbody.



Part 6. CENTEBODY ADVANCED 14.88 INCHES AHEAD OF

DESIN OPERATING POSITION

TEST SECTION E!4PTY

Station A,.-era(,o Static P P
Reudina Preosure P P Area A1

in.hg.abs. A A

21 38.82 .1431 .00216 .0210 16.bo .954 3.3
22 38.82 .431 .00216 .0210 16.11 .945 .310
141* 38.18 1.071 .00537 .0520 15.82 .980 .322
23 38.80 .451 .002a6 .0220 1.1.72 1.053 .,,,,
45* 38.35 .901 .001152 .0390 13.71 1.131 .372
24 38.80 .A51 .00226 .0220 12.'t5 1.216 .399
46* 38.40 .951 .00477 .0161 10.25 1.512 .497
25 37.78 1,.471 .007 38 .0718 10.08 1.538 .505
h7* 36.55 2.701 .01355 .1318 7.30 2.123 .697
26 37.35 1.901 .00953 .0927 6.80 2.279 .718
1,8* 36.23 3.021 .01515 .llt61 6.72 2.307 .759
27 36.60 2,651 .01-330 .1293 6.12 2.533 .832
18 35.A8 3.771 .01891 .1840 5.86 2.615 .869
29 35.33 3.921 .01967 .1512 5.3L4 2.903 .953
30 35.20 14.051 .02032 .1977 1 5.15 3.001 .985•i Second Throat 5.09 3.01 1.000
32 28.83 10.401 .05216 .567 5.56 2.788 .915
33 25.n7 13.961 .07002 .681 6.42 2.141 .793
3 4 22.140 16.7'1 .08391 .816 7.36 2.106 .692
35 19.9,0 19.331 .09695 .943 9.31 1.645 .541
36 19.10; 19.7131 .09906 .963 11.35 1.366 .18
37 18.71 20.521 .10292 1.000 19.18 .808 .265
38 18.33 20.401 .10232 .9914 .6.,45 .586 .192.
39 18.82 20.411 .10237 .994 28.18 .550 .181
4o 18.78 20.451 .10257 .995 28.18 .550 .181
41 18.76 20.171 .10267 .996 28.18 .550 .181
142 18.76 20.471 .10267 .996 ,28.18 .550 .181

Second Throat Area 5.09 Square Inches

Before Second Throat, Reference a 39.2ý1; P0 . 97-90 psia

After Second Throat, Re.^erence a 39.231; Po 97.90 psif

*Indicates Presoure Taps on Centerbody.



Part 7. DIFFUSR RETRACTED 5.97 I1NCHES FROM DEIGN 0PEATING POSITION

Flat !'late Tnhtalled in Teat Section

.tation Distance Reading Static P
Froi N1ozzle Pressure
Throat - In. in.0•..ba. 0

. 2.86 35.50 3.374 .0171
2 3.86 36.78 2.094 .0106
3 4.88 37.33 1.544 .00783
4 5.37 37.76 1.1114 .00565
5 6.86 37.31 1.064 .00539
6 7.86 37.97 .904 .004,8
7 8.5 338.11 .76(1 .00387
3 9.87 33.21 .. 664 .00337
9 lo.86 38.30 .5714 .00291

10 i1.86 38.33 .%14 .00276
11 12.38 38.37 .504 .C0256
12 13.87 38.39 .434 .00 245
13 141.88 38.ý 2 .454 .00230
14 15.88 3 .4 .2154 .00230
43* 19.00 38.,2 .454 .00230
15 19.43 38.50 .374 .00190
414* 1.0.00 38.23 .61 4 .00326
16 20.57 38.-45 .1i214 .00215
45* 21.50 78.145 .142 .00215
17 21.74 38.42 .45L: .00230
18 ,22.34 38.37 .504 .00256
46* 23.00 38.-45 .424 .00215
19 214.03 78.22 .65% .00331
47* 214 .50 38. .1461• .0023,5
20 25.17 37.68 1.194 .00606
43* P6.00 38.21 X664 .00337
21 29.62 37.10 1.771, .00900
22 32.62 6" .61 2. 6 4 .011o48
23 35.62 36.02 2.854 .x1447
211 37.62 3.5.27 3.604 .01776
25 39.62 314.7o 1.174 .0021
26 11.62 33.05 4.124 .0245
27 143.52 J.S .0288
28 4.,2 32.90 , .0303
29 145.99 32. 37 6.5o4 .0330
A0 46.16 32.11 6.734 .0372
31 46.62 32.19 6.684 .0339
32 47.62 32.03 6.844 .0307
33 48.62 31.93 6.944 .0352
34 119.62 31.78 7.094 .0359

* ?reouurQ Tipe on Flat Plate
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Part 7 continued

Station Distance Reading StatAc P
From Nozzle Prcju•:re P
Throat - In. 1n.Iz.abs.

35 51.62 31.81 7.061 .0358
36 53.62 31.92 6.9 h .0352
37 55.62 31.68 7.1 .0365
38 57.62 31.49 7 - .0374
39 60.62 31.39 7.-40 .0379
40 63.62 31.38 7. •14 .0380
41 68.62 31.03 7.8iý4 .0397
412 72.62 31.02 7,854 .0398

Second Throat Area , 13.00 Square Inches

Reference a 38.874; Po 0 98.6 Paia
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Part 8. END PRESSURES FOR VARlIOUS RUNNING TIMES

RunninG P P P Source
Time e 0 CSin. hg. abs. psia P-0

0 1 95.8 .0050 Initial Conditions
38 10.1 9ý.4 .0525 Part 2 Station 4j.
ý6 12.8 96.9 .0520 Recorded After Siut Do.m
L6 13.9 95.7 .0711 Part I Station 40
50 .13.4 96.9 .0679 Recorded After Shut Down
50 1j.8 96.4 .0703 Recorded After Shut Down
52 12.4 90.4 .0674 Recorded After Shut Down
52 13A. 96.4 .0683 Recorded After Shut Down
84 20.47 97.9 .1027 Part 6 Station 42
87 20.8 97.4 .1038 Recorded After Shut Don.
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Part 9. GERAL PM.FORZANCE DATA FOR VARIOUS

CENTERBODY LOCATIONS

Centerbody Wax. Area Runnina Time Pressure Presoure Rewarka
1 Ratio, SecondA Ratio, Pc/P R.atio Req'd

Location A-/A9  to operate9 ( f r v . F i . 9 ) P c / P c

-2.00 1.72 32 .0ý6 21.6 Tunnel
Er.•pty

-1.00 1.92 40 .055 :i8.1 Tunnel
ELI.pty

0.00 2.14 46 .062 16.1 Tunnel
Empty

+0.140 2.18 50 .067 15.0 Tunnel
Empty

+0.50 2.19 52 .069 114.5 Tunnel
Fmpty

+0.60 2.20 52 .069 14.5 Tunnel
En pty

+0.64 2.21 50 .067 15.0 Tunnel
Empty

+1.•0 2.33 56 .073 13.7 Tunnel
Empty

+2.50 2.50 68 .086 11.6 Tunnel
Ewipty

44.O0 2.82 75 .093 10.8 Tunnel
Empty

+14.88 3.03 34 .102 9.8 Tunnel
Empty

3.0.&3.• 87 3014 9.6 Tunnel
Ewpty

0.00 2.13 35 .049 25.6 Survey RakeInotalled
0.00 2.13 22 .033 30.3 0.095" Dia.

Tube 2

inch pene-
tration

0.70 2.22 30 .043 23.3 0.095" Dia.
Tube 1 3/4
inch pono-
trati on

4.88 3.03 60 .078 13.0 0.095" Dia.
Tube 1 inch
penetration

Po a 95.8 psia; T - 60F

Initial Vucuum Tank Preacure w 1 inch oC mercury
1 (inches ahead of deasine4. oporating pooition)
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TABLE IV LOCATION OP STATIC PRESSURE TAPS

1. TAPS ON SHELL

Station Distance Diotance From Inside Diameter
Number From Lip Nozzle Throat of Shell

of Diffuser
Inches Inches Inches

21 3.00 29.62 ý.561
22 6.00 32.62 Ii.61o
23 9.00 3 5.$2 (.659
21 11.00 37.;,2 1i.691
25 13.00 39.'2 4.721
26 15.00 111.62 4.757
27 16.9o 1'4.$2 1'.787
28 17.80 1•.801
29 19.37 45.99 1.827
30 19.8h t 16. 1'.835
31 20.00 I 6. .,2 4.838
32 21.00 47. ,2 14.956
33 22.00 l 8.62 5.073
34 3.0oo 4 9.62 5.191
35 25.00 5 i .62 5.A26
36 27.00 53.62 5.662
37 29.00 5'.62 5.897
38 31.00 57.6' 6.132
39 31.oo 60 - 6.250
1o. 37.1 .00 .2 6.250
12 12.oo 6•,62 6.250

I .:072-62 6.250

2. TAP .. .

Distance From Base Diameter of
of Cone (Measured Centerbody
Along Surfaco)

Inches Inches

1448.10 1.091
5.A8 2.090

461.22 3.363
47 o0.352 3.649
48 O.op9 3.77'4
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FIG. 7- EFFECT OP' SECOND THROAT AREA
RATIO ON PRESSURE RATIO

REQUIRED TO OPERATE

Um-- U

UWC Al (4

FIG. ~ ~ ~ ~ ~ f 7-FFC OFECN TRATAE



w LQj

*~ 0Z

000

LU z

CDZQ-

0 <

0j
-d L Z

0
a z

U) H

M cL L) ':
w r : a e)

LULU-
z > 0

> .- z

-ý C

0D _ 
-

w a a.
0  L u

LUU

* 
r

HB CLU.



0 0
-

0.

Lncn

Lki

0

V) 0
0 L

0 <

Ez

0<

0 0 u-i q

8 38

OHL uT
OWC. AA '632
.18K - CLW

I-24 - 5



o:DU
'Ni

0,

z
LU T

0 0

C')) U U

x Zz

z
LUI DOcr Z

o 0
0

Lj

0 L
LL

LU

o 0 0 0' 0 L
0 OD q

SQNOCJS '9L.Nii ONINNa

-UT

(GAA 163)



1 .41

CENTERBODY LOCATION
WITH RESPECT TO DESIGN
OPERATING POSITION

1.2 - RETRACTED 303 IN.
A- 2.75 IN.

v - " 0.10 IN,
0 - ADVANCED 0.00 IN.
x - " 0.10 IN.

"4.88 IN
I 0, c-. ,

< 08 .,6 f

z

0 1-

I--

02'

0- -" .. .. . . . .. .. .0'0, . ..... . O1 . ..... . IO

002 04 0.6 08 1.0 112

PRESSURE RECOVERY RATIO P

FIG. I I -PRESSURE RECOVERY RATIO VS.
CONTRACTION RATIO
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2 -6 -56



CENTERBODY LOCATION
WITH RESPECT TO DESIGN

35 .. OPERATING POSITION

* (, RETRACTED 3.03 IN,
2.75 IN.

II - ADVANCED 0.00 IN.
IC - " 4.88 iN.

3.0 I
'I F

. I 0

+,+ -+ - .................. .................... ,

2G. 12 - \ R V

TES S C71NEMT

20 5 At1 1635

IbK - IT
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